Within the methods of the electron density functional and the ab initio pseudopotential, we have obtained the spatial distributions of the density of valence electrons, density of electron states, band gap, valence band, and charge for the cellulose-based model composite structures under mechanical influences, using authors' program complex. It is determined that the electronic properties of composite structures based on nanocellulose can be controlled, for example, by changing the distance between the layers of composite components that happens during a mechanical compression or stretching.
Introduction
Modern electronic devices are usually made from materials which cannot be biodegradable and sometimes potentially toxic. At present, their production includes processes that require high vacuum and high temperature, i.e., costly operations [1] .
However, the service life of electronics is becoming increasingly shorter. This creates not only technological, but also increasing environmental problems [2] .
In this regard, the promising direction is the use of cellulose as a substrate and a functional element of electronics. Half the biomass produced by photosynthetic organisms such as plants, algae, and some bacteria consists of cellulose, which is the most common molecule on the planet. This is a renewable, portable, and flexible material [3] .
Deformation sensors are used to detect an electrical displacement under mechanical deformations and are widely used in the automotive industry, mechanical engineering, in sensors of various types, etc. In works [4, 5] , the mechanical properties of a piezoresistive strain gauge based on a graphene/nanocellulous nanopaper and cellulose/graphene sensory material are studied. However, theoretical knowledge of the electronic properties of crystalline nanocellulose (CNC) composite structures does not exist completely. For the expansion of information about the electronic properties of composite structures with nanocellulose, such as the density of electronic states, c ○ R.M. BALABAI, A.V. ZDESHCHYTS, 2018 the bandgap, and the core charge under a mechanical compression, we will calculate them by means of the electron density functional methods and the firstprinciples pseudopotential, by using our own program code [6].
Methods of Research
The ground states of the electron-nucleus systems are obtained, by finding a self-consistent-field solution of the Kohn-Sham equations. Electronic variables are only determined with the fixed atomic cores. Following the Kohn-Sham procedure, the electronic density can be written in terms of occupied orthonormal one-particle wave functions:
The point on the surface of potential energy in the Born-Oppenheimer approximation is determined as a minimum energy functional with regard to the wave functions:
where { } are coordinates of atomic cores; { } are any external influences on the system.
In the generally accepted formulation, the minimization of the energy functional (2) with respect to one-particle orbitals with additional orthonormal constraint on the one-particle orbitals (r) results in Kohn-Sham one-particle equations:
In the solution of these equations, the pseudopotential formalism was used, according to which a solid is considered as a set of valence electrons and the ion cores. In the pseudopotential approximation, the operator of the pseudopotential , which describes the interaction of valence electrons with the core, is small, and the corresponding pseudowavefunction is smooth. Pseudopotentials are required to correctly represent the long-range interactions of the core and to produce pseudowavefunction solutions that approach the full wavefunction outside a core radius . In addition, it is necessary that a pseudopotential be transferable. This means that the same pseudopotential can be used in calculations of different chemical environments resulting in calculations with comparable accuracy. For example, Bachelet, Hamann, and Schliiter proposed an analytic fit to the pseudopotentials. This ab initio pseudopotential will be used in the present work.
The full crystalline potential is constructed as a sum of ion pseudopotentials that do not overlap and are associated with ions (nucleus + core electrons) located at the R positions which are periodically repeated for crystals:
For nonperiodic systems, such as a thin film or a cluster, the problem of the lack of periodicity is circumvented by the use of the supercell method. Namely, the cluster is periodically repeated, but the distance between each cluster and its periodic images is so large that their interaction is negligible. The ubiquitous periodicity of a crystal (or artificial) lattice produces a periodic potential and thus imposes the same periodicity on the density (implying Bloch's theorem). The Kohn-Sham potential of a periodic system exhibits the same periodicity as a direct lattice, and the Kohn-Sham orbitals can be written in the Bloch form:
where k is a vector in the first Brillouin zone. The functions (r, k) have the periodicity of a direct lattice. The index runs over all states. The periodic functions (r, k) are expanded in the plane wave basis. This heavily suggests to use plane waves as the generic basis set in order to expand the periodic part of the orbitals. Since the plane waves form a complete orthonormal set of functions, they can be used to expand orbitals according to:
where G is a vector in the reciprocal space, Ω is the volume of elemental cells, which consists of a periodic crystal or an artificial superlattice, when reproducing nonperiodic systems. After the Fourier transform to the reciprocal space, Eq. (3) has the form:
where KS is the Kohn-Sham potential:
and is the exchange-correlation potential. To calculate it, we used Ceperley-Alder's LDA approximation that has been parametrized by Perdew and Zunger. It is well known that a choice of the exchange-correlation functional predetermines a band gap [7, 8] . Nevertheless, LDA in DFT does reproduce a lot of the basic physics, but, without some fine tuning, it generally provides no details of the experimental band structure correctly. By carrying out a comparative analysis of the behavior of the electron-structural characteristics of nanosystems during the transition from one configuration to another one, we give the opportunity to avoid the imperfection of LDA and to reveal reliable information.
In the general case, the expressions describing the potentials of interactions are complex. The use of the atomic bases containing the inversion operation in the point symmetry group leads to the fact that the Fourier-components in the expansion of all expressions are real.
The main quantity in the formalism of the electron density functional is the charge density. It is estimated from a self-consistent solution of Eqs. (6) which should be performed at all points of the nonreduced section of the Brillouin zone:
where the index runs over all occupied states, k is a vector in the first Brillouin zone, is the number of the operators in the point group of the atomic basis, and the factor 2 takes the spin degeneracy into account.
The estimated effort can be reduced, if there is the integral over the Brillouin zone to approximate by summing over special points of the Brillouin zone. It is possible to replace, with satisfactory precision, the summation over the finite number of special points to one point in the Brillouin zone. It is possible to distinguish only the Γ-point in the Brillouin zone, especially as it relates to the artificial periodic systems.
The distribution of electrons along the energy zones for the Γ-state of the investigated structures was found by means of a numerical calculation of the derivative lim Δ →0 Δ /Δ (where Δ is a number of allowed states for the Δ interval of energy). The one-particle energy spectrum was obtained from calculations of the eigenvalues of the Kohn-Sham matrix. In accordance with the ideology of electronic density functional, the occupied states at absolute zero temperature were defined. This allowed us to define the position of the last occupied state, number of occupied states, being half the number of electrons (due to ignoring the spin of the electron), and position of the first free states.
The result of calculations of the electronic structure of the polyatomic system within the theory of electronic density functional is the electron density, which is a continuous quantity normalized to the total number of electrons in the system (in our case, the total number of electrons in the unit cell of a super lattice). To estimate the redistribution of the electron charge between atoms, the charge in the surrounding region with volume of an atom was calculated:
Atomic Systems and the Results of Their Calculation
Since the calculation algorithm provides for translational symmetry in the explored atomic systems, the orthorhombic-type artificial superlattice was initially created. The researched systems are determined by parameters of the superlattice and the atomic basis. The dimensions of the unit cell in the X, Y, and Z directions were chosen to avoid the interaction of the translated cellulose/graphene composites (CNC/Gr). The calculations were made only for Γ-point of the Brillouin zone of an artificial supergrid. The response of the electronic subsystem of the composite on a mechanical impact was determined, by comparing the characteristics of such systems:
• system 1: the isolated nanocellulose fiber fragment -(С 6 Н 10 О 5 ) 3 Н 3 . To reproduce it, the atomic basis contained 18 С atoms, 15 О atoms, and 33 Н atoms, 3 of which were terminated by the broken nanocellulose bonds; the symbol of this system is (CNC);
• system 2: fragment of the graphene plane. To reproduce it, the atomic basis contained 96 С atoms; the symbol of this system is (Gr);
• system 3: the isolated fragment of a nanocelulose fiber with a three-atom copper cluster in its vicinity. To reproduce it, the atomic basis contained 18 С atoms, 15 О atoms, 33 Н atoms, and 3 Cu atoms; the symbol of this system is (CNC/Cu 3 );
• system 4: fragment of the graphene plane, on which fragments of nanocellulose fibers are located on both sides of the composite. To reproduce it, the atomic basis contained 90 С atoms, 30 О atoms, and 66 Н atoms; the symbol of this system is (2CNC/Gr). The distance between graphene and nanocellulose was equal to the length of the chemical bond between carbon atoms and a hydrogen equal to 1.1Å (such a composite was considered mechanically non-strained) (Fig. 1); • systems 5, 6, and 7 were composites that originated from system 4, with a distance between the graphene plane and nanocelulose to be reduced by 3%, 4%, and 5%, respectively. The symbols of this system are (2CNC/Gr -3%), (2CNC/Gr -4%), and (2CNC/Gr -5%) respectively; such composites were considered mechanically strained (compressed);
• system 8 was a composite that originated from system 4, with an increase in the distance between the graphene plane and nanocelulose by 5%. The symbol of this system is (2CNC/Gr + 5%); such composite was considered mechanically strained (stretched);
• system 9: a fragment of a nanocelulose fiber on the graphene plane with a three-atom cluster of copper in its vicinity. To reproduce it, the atomic basis contained 90 С atoms, 30 О atoms, 66 Н atoms, and 6 Cu atoms; the symbol of this system is (2CNC/2Cu 3 /Gr); the composite is mechanically non-strained;
• system 10: the composite that originated from system 9, with an increase in the distance between the graphene plane and nanocelulose by 5%. The symbol of this system is (2CNC/2Cu 3 /Gr + 5%); such composite was considered mechanically strained (stretched). of the nanocellulose-containing systems. From the obtained results, it can be seen that the maximum width of the valence band belongs to the isolated fragment of a nanocelulose fiber with a threeatom copper cluster in its vicinity. Wherein, the number of electrons in the unit cell in this system is not the largest.
It is determined that the value of the band gap of an isolated nanocellulose fiber fragment is the largest in comparison with composites with any addition to nanocellulose of other materials such as graphene planes and copper atoms. The exception is the (2CNC/Gr + 5%) system. The calculated value of the band gap of an isolated nanocellulose fiber fragment is in good agreement with the experimen- 2CNC/2Cu 3 /Gr + 5% 9.14 0.68 tal value ( ≈ 4.5 eV), which is given in [9] for a nanofibrillated cellulose film.
The electronic properties of the composite structures based on nanocellulose can be controlled, for example, by changing the distance between the layers of the composite components, which happens dur- Fig. 4 . The Spatial distributions of the density of valence electrons for (2CNC/Gr) and (2CNC/2Cu 3 /Gr) systems within an interval of 0.8-0.7 of the maximum value; and (2CNC/2Cu 3 /Gr) system within an interval of 0.2-0.1 of the maximum value Table 2 . Values of the charge in a vicinity of the carbon core (С) with radius of 0.73Å Atom CNC 2CNC/Gr 2CNC/Gr -3% 2CNC/Gr -4% 2CNC/Gr -5% ing a mechanical compression or stretching. This is a physical mechanism for using nanocellulose/graphene composites as electromechanical sensors. So, the valence band width decreases with the mechanical compression of the nanocellulose/graphene composite and grows with the stretching. The change in the band gap of such composites under a mechanical impact has the tendency to increase.
The spatial distributions of thedensity of valence electrons for the nanocellulose/graphene composite with the addition of copper are showed in Fig. 4 .
The analysis of these spatial distributions of the density of valence electrons showed that the maximum density of the composite is concentrated around nanocellulose for all systems in various mechanical states of the composite. Tables 2-4 and Figs. 5-7 show the calculated value of the charge in the surrounding region with volume of atoms that belong to a nanocellulose fiber for systems 1, 4-7. Charges were estimated in a vicinity of the carbon core with a radius of 0.73Å, hydrogen core with a radius of 0.37Å, and oxygen one with a radius of 1.2Å. The charge was in units of electron charge, the value of which was equal to 1 in the atomic system of units, which was used in the calculations.
As can be seen from Tables 2-4 , the values of the charge in vicinities of the carbon cores, hydrogen and oxygen cores of nanocellulose decrease for all nanocellulose/graphene composites and under their mechanical impact compared with the charges on all cores of an isolated nanocellulose fiber fragment. The exception is the behavior of an oxygen atom that is closest to graphene. The core charge on the oxygen atom begins to increase under a mechanical impact.
Conclusions
The spatial distribution of valence electrons, the density of electron states, the band gap, the valence band width, the values of charge in the vicinity of the atomic cores have been computed by methods of the electron density functional theory and the first-principles pseudopotentials for the cellulosebased model composite structures under a mechanical impact.
The values of the charge in vicinities of the carbon cores, hydrogen and oxygen cores of nanocellulose decrease for all nanocellulose/graphene composites and their mechanical impact.
The maximum of the valence electron density of the cellulose-based composite is concentrated around cellulose for different composites under different mechanical impacts.
The electronic properties of the composite structures based on nanocellulose can be controlled, by changing the distance between the layers of composite components, which happens during the mechanical compression or stretching. This is a physical mechanism for using nanocellulose/graphene composites as electromechanical sensors.
